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Abstract
Nest predation is the main cause of nest failure for ducks. Understanding how habi-
tat features influence predator movements may facilitate management of upland and 
wetland breeding habitats that reduces predator encounter rates with duck nests and 
increases nest survival rates. For 1618 duck nests, nest survival increased with dis-
tance to phragmites (Phragmites australis), shrubs, telephone poles, human structures, 
and canals, but not for four other habitat features. Using GPS collars, we tracked 25 
raccoons (Procyon lotor) and 16 striped skunks (Mephitis mephitis) over 4 years dur-
ing waterfowl breeding and found marked differences in how these predators were 
located relative to specific habitat features; moreover, the probability of duck nests 
being encountered by predators differed by species. Specifically, proximity to ca-
nals, wetlands, trees, levees/roads, human structures, shrubs, and telephone poles 
increased the likelihood of a nest being encountered by collared raccoons. For col-
lared skunks, nests were more likely to be encountered if they were closer to canals, 
trees, and shrubs, and farther from wetlands and human structures. Most predator 
encounters with duck nests were attributable to a few individuals; 29.2% of raccoons 
and 38.5% of skunks were responsible for 95.6% of total nest encounters. During 
the central span of duck nesting (April 17–June 14: 58 nights), these seven raccoons 
and five skunks encountered >1 nest on 50.8 ± 29.2% (mean ± SD) and 41.5 ± 28.3% 
of nights, respectively, and of those nights individual raccoons and skunks averaged 
2.60 ± 1.28 and 2.50 ± 1.09 nest encounters/night, respectively. For collared preda-
tors that encountered >1 nest, a higher proportion of nests encountered by skunks 
had evidence of predation (51.9 ± 26.6%) compared to nests encountered by raccoons 
(22.3 ± 17.1%). Because duck eggs were most likely consumed as raccoons and skunks 
opportunistically discovered nests, managing the habitat features those predators 
most strongly associated with could potentially reduce rates of egg predation.
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1  |  INTRODUC TION

Landscape heterogeneity and habitat characteristics can have sub-
stantial effects on predator movements and the vulnerability of 
target and non-target prey species (Gorini et al., 2012). In heterog-
enous environments, both predator and prey species can associate 
differently with habitat features. For example, habitat features such 
as roads or trails may serve as travel corridors for predators and be 
avoided by prey species (DeGregorio et al., 2014; Dickie et al., 2020; 
James & Stuart-Smith, 2000). Some predator species demonstrate a 
preference for foraging along habitat edges, and bird nests in some 
habitats near to edges with focused predator movements can expe-
rience greater predation risk (Hannon & Cotterill, 1998; Ibarzabal & 
Desrochers, 2004).

At the landscape level, the effect of distance to habitat edges 
on avian nest survival has been largely equivocal, with many stud-
ies not detecting effects and other studies finding effects in some, 
but not all, treatments (reviewed in Lahti, 2001; Vetter et al., 2013). 
Importantly, when real differences in predation risk exist in an eco-
system as a function of how nests are distributed in relation to spe-
cific habitat features, the failure to detect effects may in part be 
attributed to the scale of study and differences in species-specific 
predator behaviors that in essence act in opposition to each other. 
Studies that examined predation rates at the landscape scale tended 
not to find an influence of distance to edge habitat effects on nest 
survival, whereas studies examining predation rates at smaller spatial 
scales that also accounted for species-specific predator behaviors 
detected effects more often (reviewed in Lahti,  2001). Therefore, 
studies that combine specific, more refined predator movements on 
the landscape with nest survival of birds may be more likely to de-
tect effects of proximity to certain habitats, including edge habitats 
and possible predator corridors, on the vulnerability of bird nests to 
predation.

Dabbling ducks often nest at relatively high densities in upland 
habitats (McLandress et al., 1996) and need access to nearby wet-
lands during egg incubation for their daily nest breaks (Croston 
et al., 2020) and during brood rearing (Casazza et al., 2020; Mauser 
et al., 1994). For waterfowl nesting within highly managed upland 
nesting areas, the requirement for both upland and wetland habitats 
to be in relatively close proximity during breeding often results in 
a heterogenous landscape with many edge habitats, including fea-
tures such as roads, levees, canals, and wetland edges. Predation of 
eggs by mammalian and avian predators is the main cause of wa-
terfowl nest failure and high levels of nest predation can limit pop-
ulation growth (Cowardin et al., 1985; Hoekman et al., 2002; Klett 
et al.,  1988; Sargeant & Raveling,  1992). If predators are typically 
located closer to certain habitat features than others (Barding & 
Nelson,  2008; Bixler & Gittleman,  2000; DeGregorio et al.,  2014; 

Fritzell,  1978; Greenwood,  1982; Roos,  2002; Storm,  1972), the 
fine-scale location of prey, such as duck eggs, in relation to certain 
habitat features, may influence the vulnerability of individual nests 
to egg predation. For example, if a predator moves and forages pri-
marily along wetland edges, then duck nests in upland areas that are 
closer to wetlands may have a higher probability of being encoun-
tered opportunistically, even if predators are not searching for duck 
nests specifically.

The likelihood of predators encountering and consuming prey 
resources is influenced by a combination of predator movement 
patterns, habitat structure, the location of prey resources on the 
landscape, predator search behavior, and prey characteristics such 
as camouflage or other predator avoidance behaviors. Seasonally 
available prey that are available for only a few months out of the 
year, such as dabbling duck eggs, may elicit behavioral responses 
by predators. Predators may alter their foraging efforts to search 
for more of an ephemeral prey resource (functional response) or 
aggregate in locations where densities of the prey resource are 
high (aggregative response). The magnitude of a predator response 
to an ephemeral prey resource (e.g., nests) can be influenced by 
the density of the resource (Ackerman et al., 2004; Holling, 1959; 
Larivière & Messier,  1998; Ringelman et al.,  2014; Roos,  2002; 
Schmidt & Whelan, 1998) as well as the availability of alternate prey 
(Ackerman, 2002; Crabtree & Wolfe, 1988; Korpimäki et al., 1991; 
McKinnon et al., 2014). Predators also might not markedly alter their 
movements or general prey searching behaviors in response to a 
seasonal shift in prey resources, and instead consume seasonally 
available prey only opportunistically when encountered (Husby & 
Hoset, 2018; Urban, 1970), particularly if the prey resource is rela-
tively difficult to locate.

Given that predator species may associate with different key hab-
itat features, such as wetland edges or roads, examining predator-
specific movement behavior at a fine spatial and temporal scale 
may clarify the vulnerability of individual nests to predation. We 
designed a series of questions related to fine-scale predator move-
ments and the vulnerability of dabbling duck nests using two of the 
most ubiquitous predators of waterfowl eggs in North America, rac-
coons (Procyon lotor) and striped skunks (Mephitis mephitis; Croston, 
Ackerman, et al.,  2018; Klett et al.,  1988; Sargeant et al.,  1998; 
Sargeant et al., 1995; Sargeant & Raveling, 1992). First, we compared 
the locations of duck nests and predator movement locations (GPS 
collars on raccoons and striped skunks) relative to key habitat fea-
tures within a core block of upland nesting habitat to better describe 
the proximity of individual predators and nests to specific habitat 
features. Next, we tested if nest survival increased with distance to 
certain habitat features on the landscape, including those that were 
used to a greater extent by predators. We then linked the individual 
nightly movements of tracked raccoons and striped skunks with nest 
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encounters and the fate of duck nests. Finally, we used nests within 
the known home ranges of collared predators to examine species-
specific relationships between the vulnerability of individual duck 
nests to encounters with tracked predators based on the proximity 
to key habitat features.

2  |  METHODS

2.1  |  Field sampling and data collection

2.1.1  |  Study site

We conducted this study from 2016 to 2019 in Suisun Marsh, a large 
and extensively managed brackish marsh located in the Sacramento-
San Joaquin Delta of California (USA). Upland habitats within Suisun 
Marsh, mostly within a publicly managed wildlife area (Grizzly 
Island Wildlife Area; 38.141°N, 121.970°W; Figure 1), provide im-
portant waterfowl and northern harrier (Circus hudsonius) nesting 
habitat (Ackerman et al., 2014; McLandress et al., 1996). Northern 
harriers are a species of special concern in California (Shuford & 
Gardali, 2008). We monitored nests within a 7.1 km2 block of pri-
marily upland habitat managed by the California Department of Fish 
and Wildlife and adjacent private landowners (hereafter referred to 
as the core upland nesting area). Upland vegetation within the core 
upland nesting area includes a range of species such as mid-height 
(<1 m) grasses (Lolium spp., Hordeum spp., Bromus spp., Polypogon 
monspeliensis), taller (>1  m) grasses (Elytrigia spp., Phalaris spp.), 
vetch (Vicia spp), herbs (Atriplex patula, Lotus corniculatus), thistle 
(family Asteraceae), and pickleweed (Salicornia virginica). Individually 
managed upland fields within the core upland nesting area are 
separated by roads, drivable levees, elevated dirt levees, and water 
transportation ditches (Ackerman et al., 2004; Raquel et al., 2015). 
Predators were captured on and immediately adjacent to the Grizzly 
Island Wildlife Area.

2.1.2  |  Nest searching and monitoring

We used standard nest-searching protocols, modified from 
McLandress et al. (1996) to find dabbling duck nests in upland habi-
tats from March to July 2016 to 2019; every 3 weeks, we searched 
upland habitat with a rope and attached cans pulled between two 
all-terrain vehicles (ATVs). For each nest, we identified the species 
visually when a hen flushed off the nest as well as by the size and 
color of the eggs. We marked and monitored nests of all ground-
nesting non-passerine species and revisited nests weekly to moni-
tor nest development (by candling eggs; Weller,  1956), determine 
nest fate (e.g., hatched, depredated), and document any evidence of 
predation (e.g., eggshells or missing eggs). We estimated the nest ini-
tiation date by subtracting the average incubation stage and clutch 
size at discovery from the date of discovery. In 2016 and 2017, nests 
were visited weekly until the nest hatched or failed and then nest 

visits ceased; in 2018 and 2019, all nests were monitored weekly 
until after the nesting season (July 20th or 29th, respectively) if any 
eggs remained in the nest and regardless of whether the hen was 
still tending to the nest. After each nest monitoring visit, eggs were 
covered with down feathers and other nesting material at active 
nests (hen still tending to the nest), to mimic what hens typically do 
when they leave for an incubation recess, and eggs were left as they 
were found (covered or uncovered) after nests were confirmed to 
be inactive. With a nest-searching interval of 3 weeks, as described 
above, and the high probability that many nests were initiated and 
failed within these 21 days, counts of discovered nests are minimum 
counts of nests in the study area (Johnson, 1979).

2.1.3  |  Nest temperature loggers

In order to determine if a hen was present and flushed from the nest 
when a collared predator approached the nest, we used small data 
loggers placed within each duck nest to collect nest temperature 
data (Croston et al., 2021; Croston, Hartman, et al., 2018). When a 
nest was first found, we deployed an iButton temperature datalog-
ger (Model DS1922L-F5#, Maxim Integrated Products, Inc.) in the 
center of the nest bowl, flush with the apical surface of the eggs. 
To record ambient temperature at each nest, a second datalogger 
was deployed just south of the nest bowl. All iButtons were pre-
programmed to collect data at 8-min intervals. We used monotonic 
decreases in the nest temperature to identify when the hen left the 
nest (incubation recess; Croston, Hartman, et al., 2018). Previously, 
Croston et al.  (2021) found that mallard (Anas platyrhynchos) and 
gadwall (Mareca strepera) nest temperatures decreased faster when 
hens did not cover their eggs prior to departure from a nest at night. 
Hence, we used this rate of temperature decrease to predict if nest 
departures during dusk and night hours were hen initiated (eggs 
were covered and had a low rate of temperature decrease) or preda-
tor initiated (hen flushed from the nest, eggs were left uncovered 
and had a high rate of temperature decrease) (Croston et al., 2021). 
Additionally, nest temperature data were used to determine the date 
and time the hen left the nest for the final time.

2.1.4  |  Raccoon and skunk capture and collar 
deployments

To quantify animal movements in relation to nests and habitat 
features during the duck-nesting period from mid-March through 
July, we deployed two types of combined global positioning sys-
tem (GPS) and very high frequency (VHF) collars (Table  1). We 
were generally able to capture individual raccoons only once; 
thus, we deployed a collar (W500 Wildlink GPS Logger; Advanced 
Telemetry Systems) that allowed for remote downloading of the 
data. The raccoon collar was powered using a C-sized battery 
and weighed approximately 120–138 g. In 2016 only, raccoon 
collars were powered using a single AA battery and weighed 
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approximately 65 g. Skunks were frequently recaptured; there-
fore, we used an archival collar that stored data on board (G10 
UltraLITE collar; Advanced Telemetry Systems) coupled with 
a VHF transmitter (Advanced Telemetry Systems). Skunk col-
lars weighed approximately 26–30 g. We captured raccoons and 
skunks mostly in winter (January–March) and recaptured skunks 
mostly in summer (June and July) from 2016 to 2019 (Table  1). 
Skunk GPS deployments did not begin until 2018, due to technical 
difficulties with the initial collar design and manufacturer. Animal 
trapping and chemical immobilization procedures were described 
previously (Peterson et al., 2021).

2.1.5  |  Raccoon GPS location 
acquisition and processing

To conserve battery life and maximize GPS data acquisition around 
duck nesting, we preprogrammed raccoon collars to initially col-
lect two daily locations (midnight and noon) for several weeks after 
deployment. After this, location acquisition increased to collect lo-
cations daily every 15 min for 15 h (1800–0900 h Pacific Standard 
Time; GMT-8  h), when most raccoon and skunk movements and 
predation of duck nests occur (Croston, Ackerman, et al., 2018), in 
addition to collecting two midday locations. We used VHF signals 

F I G U R E  1 (a) Monitored duck nests 
(yellow triangles), northern harrier nests 
(Circus hudsonius; orange triangles) 
and random locations (black triangles) 
within the core upland nesting area 
of the publicly managed Grizzly Island 
Wildlife Area and on adjacent privately 
owned land (Suisun Marsh, California, 
2016–2019). (b) GPS locations of collared 
raccoons (Procyon lotor; blue circles) and 
striped skunks (Mephitis mephitis, red 
circles) when animals were located within 
the core upland duck nesting area.
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to locate raccoons and ultra-high frequency (UHF) technology to re-
motely download data approximately weekly. To fill in missing GPS 
locations at night, we interpolated using the moveHMM R package 
(Michelot et al., 2016). Any night with >50% missing locations was 
visually inspected, as well as the preceding and subsequent nights, 
and we removed the entire night of foraging if tag failure, rather than 
animal behavior (i.e., denning behavior), was the probable cause be-
hind reduced acquisition of locations. We also excluded the rare se-
quences of interpolated locations that occurred at the start or end 
of a night because an animal moved during the day. To align with 
duck nesting, locations were excluded prior to March 15 and after 
July 31. Raccoon locations were acquired daily from March 15 to the 
night of July 31 for 53.8% (n = 14) of collar deployments (Table 1). 
GPS data were fully censored from six raccoons for 1, 4, 13, 20, 33, 
and 45 days each.

To identify locations associated with nightly movements and 
avoid including locations that were associated with the daytime 
resting site (Fritzell,  1978), we used a distance threshold of 20 m 
between consecutive locations in a 15 min period (step length) at 
the start and end of the night. We evaluated different possible step 
lengths and decided that 20 m best captured actual departures from 
the day resting site while minimizing false positives. First, we re-
moved locations at the start of the night until we reached the first 
step length between locations >20 m. Next, we did the same process 
at the end of the night moving backward from the last location of the 
night, removing locations until we reached a step length >20 m. This 
reduced dataset of locations gave us all nightly locations when a rac-
coon was moving between day resting sites, although animals were 
not necessarily moving over that entire period. We used this subset 
of locations once raccoons began moving for the night to examine 
potential encounters with all monitored bird nests and quantify the 
boundaries of the area covered by individual animals (range: 675–
5677 locations per raccoon, due to differences in tracking duration; 
Table  1; determination of individual boundaries is described later 
in the methods). Additionally, we estimated the minimum distance 
traveled by each animal each night between day resting sites using 
the sum of the step lengths for that night.

2.1.6  |  Skunk GPS location acquisition and  
processing

We collected and processed skunk data differently than for rac-
coons due to differences in the tag capabilities and acquisition of lo-
cations. Skunk collars were preprogrammed to turn on every 7.5 min 
for 512 ms 24 h/day to snap an image of the sky position of GPS 
satellites and then snaps were post-processed and solved to GPS 
locations once the collars were recovered. After visually inspecting 
the data to determine appropriate thresholds, we used a filter for 
speed (5500 m/h; >99.7% of speeds) and step length (1600 m be-
tween consecutive locations) to systematically remove erroneous 
GPS locations (0.2% of locations), as the method of obtaining GPS 
locations on the skunk collars results in lower positional accuracy 

than a standard GPS collar (Elfelt & Moen, 2014). We then visually 
inspected tracks and censored biologically unlikely locations that 
passed through the speed and step length filter but were improb-
able based on preceding and subsequent locations (n = 6 locations). 
Locations for skunks were excluded prior to March 15 and the last 
skunk collar was recovered on July 16 (Table  1). Skunks routinely 
enter and exit burrows with narrow entrances, which leads to an-
tenna breakage and reduces the quality of GPS and VHF data. We 
added a neoprene sleeve around the antennas in 2019 that helped 
to prolong antenna functionality, although by the time of recapture 
(2–5 months after initial tagging), every antenna was broken off the 
units to some degree, which decreased the number of locations we 
obtained, particularly because skunks tend to spend time in and 
under dense vegetation. Thus, we examined each individual animal 
separately and censored locations after the point in time when there 
was a substantial decrease in the number of GPS locations per day, 
indicating the day when the GPS antenna likely broke. Finally, we 
removed daytime locations between 0900 and 1800 h (GMT-8 h) to 
have a comparable dataset to raccoons and exclude the period of 
the day when mammalian interactions with duck nests were unlikely 
(Croston, Ackerman, et al., 2018). We did not have the data resolu-
tion to exclude locations associated with day resting sites for skunks. 
The final dataset included a range of 387–5689 locations per skunk. 
As with raccoons, we quantified the minimum nightly distance trave-
led by each animal as the sum of the step lengths each night.

2.1.7  |  Digitizing habitat features

We first identified a set of specific habitat features, including 
some edge habitats such as levees/roads, canals, and wetland 
edges, that we hypothesized could influence the likelihood of duck 
nest predation by influencing predator movements. We digitized 
all habitat features from the following categories: (1) levee/road 
(all berms between management units of upland habitat as well 
as drivable levees and roads), (2) ATV path (narrow path through 
upland habitat created in the process of searching for duck nests), 
(3) tree, (4) phragmites (Phragmites australis) patch, (5) shrub patch 
(Atriplex lentiformis and Baccharis pilularis), (6) telephone pole, 
and (7) other human structure (e.g., house, shed, large dump-
ster). Additionally, we digitized (8) the edge (water boundary) of 
seasonal wetlands and (9) water transportation features (such as 
shallow water transport ditches that ran between units of upland 
habitat; hereafter ‘canals’). For some analyses we also created a 
10th habitat category, drivable levee/road, that was a subset of 
levees/roads where the levee/road was wide, maintained fre-
quently, and passable for a four-wheel drive truck. Habitat features 
were delineated using a combination of satellite imagery (Planet 
Labs™, Google Earth™, Digital Globe™) and a 2015 Suisun Marsh 
vegetation layer (California Department of Fish and Wildlife: 
https://gis.data.ca.gov/datas​ets/CDFW::veget​ation​-suisu​n-marsh​
-2015-ds267​6-1/about). Phragmites and shrub patches were 
typically large enough to be visible in satellite imagery (>5 m in 

https://gis.data.ca.gov/datasets/CDFW::vegetation-suisun-marsh-2015-ds2676-1/about
https://gis.data.ca.gov/datasets/CDFW::vegetation-suisun-marsh-2015-ds2676-1/about
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diameter), but we also used real-time kinematic GPS (Leica Smart 
Rover GPS1200, Leica Geosystems) to ground truth the edge of 
these smaller habitat features that may have less visible using 
satellite imagery. The digitizing of water features is described in 
detail within Schacter et al. (2021). Briefly, for seasonal wetlands 
we used satellite-derived imagery to digitize the extent of water 
at three times during the waterfowl nesting period for each year: 
April (early nesting), May (mid nesting), and July (late nesting). For 
canals, we modified a layer of canals initially created by the Bay 
Area Aquatic Resources Inventory (San Francisco Estuary Institute 
and Aquatic Science Center (SFEI ASC), 2017) by actively ground-
truthing the imagery layer during duck nesting.

2.2  |  Experimental design and research questions

2.2.1  | Within upland nesting habitat, what is the 
proximity of bird nests and predator locations to 
specific habitat features?

To determine how nests and predators within the core upland 
nesting area were located relative to specific habitat features, in-
cluding some habitat edge features such as roads/levees, canals, 
and wetland boundaries, we calculated the distances between 
those features and nest locations, predator GPS locations, and 
random locations, and then conducted the following statistical 
analyses.

Nest proximity to habitat features
We included nests of the three main monitored dabbling duck spe-
cies (mallard, gadwall, and cinnamon teal, Spatula cyanoptera; here-
after duck nests) and the most common non-waterfowl bird species 
we monitored (northern harrier), including nests that were discov-
ered depredated (partially or completely) or already hatched. We as-
sociated each nest with the seasonal water layer from the year and 
month (April, May, or July) that best corresponded to when the nest 
was monitored.

Predator proximity to habitat features
We extracted a subset of raccoon and skunk locations that repre-
sented the use of the core upland duck nesting area. To do this, we 
used the boundary of the area searched for duck nests, buffered 
by an additional 25 m (8.5 km2 total area; Figure 1). Each predator 
GPS location was associated with the seasonal water layer from the 
year and month (April, May, or July) that was closest in time to the 
location. Raccoons from 2016 were excluded from the analysis of 
distance to ATV paths because the satellite imagery was poor for 
2016 and ATV paths could not be accurately digitized. For each col-
lared individual, we also quantified the percent of locations for the 
duration of the duck nesting season that fell within the core upland 
nesting area.

Random locations in proximity to habitat features
To describe if real duck nests, northern harrier nests, and collared 
animals were located closer to or further from each of the 10 habitat 

TA B L E  2 Model selection results to determine the base model for examining the probability of mallard (Anas platyrhynchos), gadwall 
(Mareca strepera), or cinnamon teal (Spatula cyanoptera) nest ‘survival’ (not being discovered and depredated) relative to different habitat 
features at the Grizzly Island Wildlife Area, Suisun Marsh, California, 2016–2019.

Model k −2LogL AICc ΔAICc wi Evidence ratio

year + species + nest status + nest age2 + nest 
status × nest age2

11 5004.65 5026.65 0.00 0.57 1.00

year + species + nest status + nest age2 + nest 
status × nest age2 + initiation date

12 5003.62 5027.63 0.98 0.35 1.63

year + species + nest status + nest age2 + nest 
status × nest age

10 5012.89 5032.89 6.24 0.03 22.65

year + species + nest status + nest age + nest 
status × nest age

9 5017.28 5035.29 8.63 0.01 74.98

year + nest status + nest age2 + nest status × nest age2 9 5021.74 5039.75 13.09 <0.01 696.83

year + species + nest status 7 5051.52 5065.53 38.87 <0.01 2.76 × 108

year + nest status + nest age2 7 5064.16 5078.16 51.51 <0.01 1.53 × 1011

year + species + nest status + nest age2 9 5046.82 5064.82 38.17 <0.01 1.94 × 108

year + species + nest age2 8 5059.85 5075.85 49.20 <0.01 4.83 × 1010

species + nest status + nest age2 + nest status × nest 
age2

8 5129.10 5145.10 118.45 <0.01 5.26 × 1025

null model 1 5235.94 5237.94 211.29 <0.01 7.59 × 1045

Note: Models in the table represent all models within a ΔAICc of 4 from the top model as well as all models with a single factor from the top model 
removed. The following terms are reported for each model (and all model selection tables in the paper): k (number of parameters in the model), 
−2LogL (−2 × log[likelihood]), AICc (second-order Akaike information criterion), ΔAICc (the difference in the AICc between the top model and the 
model of interest), wi (Akaike model weight), evidence ratio (how many times more likely the top model is over the model of interest). Bolded models 
are the top model and those that are the same as the top model, but have a single variable removed.
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features than would be expected by chance, we placed random 
points on the landscape within the core upland nesting area. A 
random point could be located anywhere within the same bounda-
ries that we used to identify upland-associated predator locations 
(Figure  1). We selected the same number of random locations as 
monitored duck nests.

Statistical analysis
All statistical analyses were conducted in the program R v. 4.0.5. 
(R Core Team, 2020). For this analysis, we calculated the distance 
between each nest location, collared animal location, or random 
location and the closest polygon or polyline within each type of 
habitat feature by using the gDistance function from the rgeos 
package (Bivand & Rundel, 2020). For each habitat feature, we con-
ducted a separate mixed effects linear model (Bates et al., 2015). 
Distance to the habitat feature was the response variable with lo-
cation type as a categorical fixed factor (random location, duck 
nest location, harrier nest location, female raccoon location, male 
raccoon location, female skunk location, and male skunk loca-
tion), and collared animal identification was included as a random 
factor to account for repeated measures of collared predators. 
Significance was determined with F tests from the afex R pack-
age, using Satterthwaite approximation for degrees of freedom 
(Singmann et al., 2015). Post-hoc pairwise tests on least squares 
mean distances were conducted to determine differences in the 
mean distance to each habitat feature among the seven levels. 
Models were analyzed using loge transformed distances because 
the residuals from models with untransformed data were not 
normally distributed; half of the minimum non-zero distance for 
each habitat feature that included 0s was added to each distance 
prior to the loge transformation. We report back-transformed least 
squares mean distances and 95 percent confidence intervals.

2.2.2  |  Is the probability of nest predation 
correlated with distance to habitat features?

We used a logistic exposure method to model the daily probabil-
ity of a nest ‘surviving’ (not discovered and depredated) within a 
standard nest survival framework (Shaffer, 2004) and tested if the 
probability of a nest surviving was influenced by the proximity 
of specific habitat features at the landscape scale. In this analy-
sis, there was no knowledge of the predator species responsible 
for nest predation. Probabilities were modeled as a function of 
categorical, continuous, and time-specific predictor variables. 
Each individual nest remained in the analysis until the first nest 
monitoring visit with evidence of predation (partial or complete 
predation), irrespective of whether the nest was active (hen still 
present) or already inactive at that point, since inactive nests can 
still contribute food resources to a predator. A nest (of any status) 
was considered to have survived the interval if it was not discov-
ered and not depredated by a predator. The nest age associated 

with each interval between nest monitoring visits was the esti-
mated age at the start of each interval.

We tested models hierarchically by first testing all combinations 
of a suite of variables known to influence nest survival, including 
year, species, nest initiation date (linear and quadratic terms), nest 
age (linear and quadratic terms), nest status (active or inactive nest), 
and an interaction between nest status and nest age (with both lin-
ear and quadratic terms for day of year) (Pieron & Rohwer, 2010). 
Quadratic terms were included to test if nest survival had a quadratic 
shape with nest initiation date or nest age. The interaction between 
nest status and nest age was tested to determine if the probability of 
a nest surviving had a different relationship with nest age depending 
on whether the hen was still actively attending her nest or if eggs re-
mained in an inactive nest. Models were ranked using second-order 
Akaike Information Criterion (AICc) in an information-theoretic ap-
proach (Burnham & Anderson, 2002).

We determined that the best base model to use when quantifying 
nest survival as a function of distance to habitat features included 
year, species, nest status, nest age (quadratic), and an interaction be-
tween nest status and nest age (quadratic; Table 2). Once we deter-
mined the best base model structure, we then tested the base model 
with a full set of additional models that included all combinations 
of the distances or loge-transformed distances to nine habitat fea-
tures described above as well as the distance to the nearest drivable 
levee/road (a subset of levee/road) and the nearest vegetation patch 
(a combination of phragmites and shrub patches). To avoid the inclu-
sion of redundant habitat features, we did not allow the same model 
to include the following combinations: (1) canals and drivable levee/
road (because canals were often bordering drivable levees/roads), 
(2) vegetation and either phragmites or shrub, (3) drivable levee/
road and levee/road and (4) untransformed and loge-transformed 
distance to the same habitat feature. No remaining pairs of habitat 
features were strongly correlated (all correlation coefficients ≤0.65). 
Half of the minimum non-zero distance for each habitat feature that 
included 0s (e.g., a nest within a vegetation patch) was added to each 
distance prior to the loge transformation.

After running a full model set with all combinations of variables 
(n =  5036 models), we determined that most untransformed dis-
tances to habitat features performed better than transformed data, 
except for the distance to seasonal wetlands, and separate variables 
for phragmites and shrub patches performed better than a combined 
vegetation variable. Furthermore, the distance to levees/roads was 
better supported as a potential predictor variable than the distance 
to a drivable road levee when canals and drivable levees/roads were 
not allowed in the same model. Thus, our final and balanced model 
set included the variables in the base model, the untransformed 
distance to the nearest: ATV path, levee/road, canal, shrub patch, 
phragmites patch, tree, telephone pole, and human structure, and 
the loge-transformed distance to the nearest seasonal wetland 
(n = 512 total models; n = 1618 nests; Peterson & Ackerman, 2022).

We set the maximum number of terms in the final set of mod-
els at 16, which allowed for all habitat features in the final model 
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set to be included in the same model in addition to the variables 
in the base model but still avoided over-parameterization. Unless 
otherwise specified, to account for model selection uncertainty, we 
generated model-averaged predictions, and plotted predictions for 
mallards at active nests during 2018 at the median value for non-
focal continuous variables. Model averaged predictions were calcu-
lated by averaging the predicted values that were generated from 
each model individually within the candidate model set using the 
coefficients from that model and weighting the contribution of the 
predictions from each model by the model weight. Model averaged 
predictions were not generated by using model-averaged coeffi-
cients. We evaluated support for individual variables based on the 
85% confidence interval around conditional model-averaged coef-
ficients (Arnold, 2010). We estimated the cumulative probability of 
surviving to 35 days (expected time interval from nest initiation to 
hatch) as the product of model-averaged daily survival rates and we 
used the delta method to obtain the standard error for cumulative 
survival rates (Powell, 2007; Seber, 1982) and determine 95% con-
fidence intervals.

2.2.3  |  How do raccoons and skunks encounter bird 
nests as they move each night?

Distance traveled per night of foraging
To estimate the approximate distance that collared predators typi-
cally move during a night of foraging, we quantified how far rac-
coons and skunks traveled per night during duck nesting. We ran 
a generalized additive mixed effects model (GAMM) with the gam 
function from the mgcv package (Pedersen et al., 2019), to account 
for the potential influence of date on nightly movements without 
forcing the model to adhere to a specific polynomial function (e.g., 
linear, quadratic, or cubic). We included an individual smoother for 
each factor level in a four-factor species × sex term and allowed 
for separate intercepts for each factor level, with a random effect 
of individual animal identification: distance_per_night ~ s(julian_
day, by =  species_sex_factor, bs =  “tp”) + s(animal_identification, 
bs =  “re”) + species_sex_factor. The model was run using default 
parameters for the link function (‘identity’) and the smoothing 
basis dimension (k), and we used restricted maximum likelihood 
(REML) to estimate model coefficients and smoothing parameters. 
We extracted model-estimated predictions for the distance trave-
led per night at key time periods during duck nesting, specifically 
the onset of duck nesting (5% of monitored duck nests had been 
initiated) and the midpoint of duck nesting (50% of monitored 
duck nests had been initiated).

Nests within individual home ranges and encounters by collared 
predators
To contextualize the range of potential influence of individual col-
lared predators on bird nests, we calculated the number of monitored 
bird nests within the outer boundaries of each individual collared 
predator. For this, we conducted fixed kernel density estimates using 

the ks package (Duong et al., 2019), using a bivariate kernel and the 
plug-in method of bandwidth selection. We extracted the 99th per-
centile contour, removed any holes within the 99th percentile con-
tour, and buffered the edge of the contour by 100 m, which provided 
a smoothed outer boundary that we used to identify nests that could 
have been encountered by each collared individual. We buffered the 
outer boundary of the kernel by 100 m to account for some encoun-
tered nests that we documented to occur at the edge of individual 
home ranges and would otherwise have been excluded as an avail-
able nest. This metric of space use was not intended to quantify the 
absolute home range size or determine where individuals spent most 
of their time but as a tool to identify available nests for each collared 
animal. Not all animals were tracked for the same length of time; thus, 
we examined the percent of nests that were encountered by each in-
dividual out of the total number of available nests that had eggs pre-
sent while the animal was being tracked. We included all 41 collared 
individuals when we estimated the minimum number of nests for a 
season within the outer boundaries of each individual home range.

We used GPS locations to examine encounters with monitored 
bird nests on a nightly basis for 24 adult raccoons (n = 10 male, n = 14 
female) and 13 adult skunks (n = 6 male, n = 7 female), excluding the 
other four collared individuals from this analysis because those col-
lar deployments did not last for more than a week of nest monitoring 
(monitoring failed ~April 1). Encounters were initially evaluated with 
buffer distances of 10, 25, and 50 m and the results were compared; 
10 m was an overly conservative buffer and underestimated nest 
encounters when we had subsequent evidence of depredation at the 
nest whereas 50 m did not add many additional nest encounters with 
evidence of depredation and may have been outside of the distance 
for predator detectability (Nams, 1997). Thus, based on the temporal 
frequency of GPS locations, the possible error in the GPS location, 
and the scale of predator detection, we selected 25 m as the most bi-
ologically supported distance to evaluate nest encounters and nest 
discovery. For each animal, sequential locations for each night were 
converted to a line and the putative animal path was buffered by 
25 m; all monitored nests that fell within the buffer were considered 
nest encounters (Figure  2). Additionally, each nest encounter was 
categorized as a predation encounter if the nest had evidence of pre-
dation at the nest monitoring visit after the nest encounter, indicat-
ing that the predator could have been responsible for damaging or 
consuming at least one egg at the nest. If all the eggs were missing or 
destroyed at the nest visit, the nest was considered completely dep-
redated. The nest was considered partially depredated if at least one 
whole egg remained undamaged in the nest (Ackerman et al., 2003). 
We then quantified the average nightly rate of nest encounters and 
encounters with depredated nests per individual predator during the 
central span of nest monitoring from April 17 to June 14 (10th–90th 
quantiles of nest monitoring dates).

Evidence of collared predators discovering encountered nests 
when hens were present
We used a subset of active duck nests (hen still attending to eggs) 
to gain deeper insight into the steps between a collared predator 
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walking within 25 m of an active nest (nest encounter) and the pred-
ator actually locating and depredating the nest, as well as the sub-
sequent consequences for the fate of the nest. We quantified the 
proportion of nest encounters where the proximity of a collared 
predator ≤25 m of a nest coincided with an identified incubation 
recess (within 30 min) and if the subsequent nest monitoring visit 
revealed evidence of predation at the nest (Figure 2). Furthermore, 
using the rate of temperature decrease (Croston et al.,  2021), we 
examined if the hen covered her eggs or left her eggs uncovered 
when she left the nest and whether that affected the likelihood of 
the predator locating and depredating the nest. Additionally, if the 
final hen's departure from the nest was within 30 min of the predator 
encountering the nest, the predator encounter was categorized as 
causing nest abandonment, regardless of whether the nest was fully 
depredated or if the nest did not have visual evidence of predation 
at the next investigator visit.

2.2.4  |  Are predator-specific nest encounter 
probabilities influenced by the proximity to habitat 
features?

We conducted predator-specific analyses to determine if the prob-
ability of a nest (including both active and inactive nests) remaining 
unencountered by a collared predator was influenced by the proxim-
ity to habitat features. For this analysis, we selected individual rac-
coons (n = 7) and skunks (n = 5) that demonstrated substantial use 
of upland habitat and encountered ≥10 duck nests. We extracted all 
nests within the home ranges of each collared predator and used a 
logistic exposure method, within a standard nest survival framework, 
to estimate the probability of a nest remaining unencountered by a 

collared predator as a function of distance to habitat features, with 
each night as a separate exposure period for every nest. Each indi-
vidual nest remained in the analysis until the first night when the nest 
was encountered by a collared predator. Models were run separately 
for each predator species. In this analysis, we defined nest encoun-
ters as a collared predator of that species being within 25 m of a nest, 
irrespective of whether the nest had evidence of predation. Thus, 
this analysis does not show true predation but suggests the vulner-
ability of an individual nest to predation, with the assumption that 
predators first must come close to a nest to have a chance to find it 
and depredate eggs. We followed a similar process as described ear-
lier in the methods (Section 2), although we reduced the base model 
to only include nest age (quadratic and linear terms), removing spe-
cies, year, and nest status from this model. We used the same final 
model set of habitat features as described earlier, although we re-
moved ATV path as a habitat feature because one of these raccoons 
was collared in 2016 when we could not digitize ATV paths.

3  |  RESULTS

We monitored 2008 nests of nine ground-nesting bird species 
from 2016 to 2019 (Figure  1); 608 nests in 2016, 468 nests in 
2017, 301 nests in 2018, and 631 nests in 2019. Of these, three 
species of dabbling ducks (mallard: n = 1074, gadwall: n = 828, cin-
namon teal: n = 64) comprised 97.9% of nests and the remaining 
42 nests included northern harrier (n = 18), ring-necked pheasant 
(Phasianus colchicus; n =  10), American bittern (Botaurus lentigi-
nosus; n = 9), northern pintail (Anas acuta; n = 2), northern shov-
eler (Spatula clypeata; n = 2), and short-eared owl (Asio flammeus; 
n =  1). For most analyses, we focused on the three main duck 

F I G U R E  2 An example of one night 
of GPS locations from a collared raccoon 
(Procyon lotor), showing GPS locations 
collected every 15 min, the putative path 
of the animal buffered by 25 m, monitored 
bird nests (mostly duck nests), bird nests 
within the buffered movement path 
(encountered nests) and a duck nest with 
evidence of predation at the subsequent 
nest monitoring visit. The inset figure 
shows the nest temperature record for the 
depredated nest during the 3 days prior 
to the encounter and all the way through 
the predation of the nest by the collared 
raccoon. Diurnal incubation recesses, 
when the duck hen voluntarily left her 
nest during the day, are shown in tan and 
the nocturnal recess, when the raccoon 
flushed the hen off the nest and the eggs 
were left uncovered, is shown in red.
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species; however, all monitored nests were used to examine col-
lared predator movement in relation to known bird nests. Overall, 
64.2% of monitored nests had evidence of predation at some 

point during nest monitoring (active and inactive nests), including 
83 nests (4.1%) that were completely depredated at the time of 
discovery.

F I G U R E  3 (a) Model-generated mean distances (least squares mean with 95% CI) between 10 different habitat features and seven types 
of locations: Random locations, nest locations (duck nests and northern harrier nests), and predator locations (males and females of both 
predator species) within the core upland duck nesting area (models were conducted separately for each habitat feature). Within each habitat 
feature type, letters indicate significant differences (p < .05) between the types of locations. (b) The percent difference between nest or 
predator locations and random locations within each of the habitat features. Positive percent differences indicate that nests or predators 
were located further from the habitat feature than a random location and negative percent differences indicate that nests or predators were 
located closer to each habitat feature than a random location. Asterisks indicate significant differences from random locations.
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3.1  |  Within upland nesting habitat, what is the 
proximity of bird nests and predator locations to 
specific habitat features?

Compared to predator locations within the core upland nesting 
habitat, duck nests tended to be located farther from several of 
the habitat features than raccoon locations but overlapped more 
in the distance to habitat features with skunk locations (Figure  3; 
Peterson & Ackerman, 2022). Specifically, duck nests were located 
≥27.6 m farther than female and male raccoons from levees/roads, 
≥57.7 m farther from canals, ≥61.2 m farther from telephone poles, 
≥89.0 m farther from phragmites patches, ≥149.2 m farther from 
human structures, ≥271.4 m farther from seasonal wetlands, and 
≥321.5 m farther from trees (all t ≥ 2.06, all p ≤ .040). Additionally, 
duck nests were located similar distances to shrub patches as female 
raccoons (t = 1.43, p = .15) but were 58.0 m closer to shrub patches 
than male raccoons (t = 3.29, p = .001). When compared to female 
and male skunks, duck nests were located ≥8.1  m farther from 
levees/roads, ≥216.5 m farther from trees, and ≥108.9 m farther 
from human structures (all t ≥ 3.58, all p ≤ .001), and were located 

similar distances from ATV paths and telephone poles (all t ≤ 1.22, all 
p ≥ .22). When compared to female skunks, nests were 23.2 m far-
ther from canals and 28.4 m farther from shrub patches (all t ≥ 2.14, 
all p ≤ .033), whereas nests were located similar distances as female 
skunks from drivable levees/roads, seasonal wetlands, and phrag-
mites (all t ≤ 0.41, all p ≥ .68). When compared to male skunks, nests 
were 51.3 m closer to shrub patches and 115.7 m closer to phrag-
mites but were located 14.4 m farther from drivable levees/roads 
and 221.9 m farther from seasonal wetlands (all t ≥ 2.40, all p ≤ .017; 
Figure 3). Examining each habitat feature independently, nest loca-
tions and predator locations were closer and farther to some habi-
tat features than expected by chance (Figure 3). In particular, duck 
nests, on average, were located farther from canals than by chance 
(t = 2.98, p = .003); female and male raccoons were located closer 
to canals than by chance (all t ≥ 15.62, all p ≤ .001); neither northern 
harrier nests nor skunks were located farther away, or closer to, ATV 
paths than by chance (all t ≤ 0.84, all p ≥ .40); and raccoons were lo-
cated farther from ATV paths than by chance (all t ≥ 5.99, all p < .001).

During the duck nesting season, more than 50% of an individ-
ual collared raccoon or skunk's locations fell within the core upland 

F I G U R E  4 Predicted cumulative probabilities (with 95% CI obtained after using the delta method to estimate standard error) of an 
active mallard (Anas platyrhynchos) nest ‘surviving’ (not being discovered and depredated by any predator) over the 35-day period from nest 
initiation to expected hatch, as a function of the distance to the nearest habitat feature for the features included in the top model. Model-
averaged predictions were generated for nests in 2018, holding the distance to additional habitat features at the median value and the 
cumulative probability was calculated as the product of daily survival estimates. The x-axis represents the range of observed data for each 
habitat feature for all nests in the analysis (n = 1618 nests).
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nesting area for 8% of raccoons (2 of 25 raccoons) and 56% of skunks 
(9 of 16 skunks; Table 1). Individual female raccoons were located 
within the core upland nesting area 15.8 ± 18.2% (mean ± SD) of the 
time (range: 0.0%–52.1%) and male raccoons were located within 
the core upland nesting area 15.1 ± 17.2% of the time (0.0%–57.0%). 
Individual female skunks were located within the core upland nest-
ing area 76.7 ± 16.6% of the time (45.0%–100.0%) and male skunks 
were located within the core upland nesting area 37.9 ± 32.0% of the 
time (0.3%–82.4%).

3.2  |  Is the probability of nest predation correlated 
with distance to habitat features?

At the landscape scale, the probability that a nest would survive 
(not be discovered and depredated) increased with increasing 

distance to phragmites patches, shrub patches, human structures, 
telephone poles, and canals, after accounting for the variables in-
cluded in the base model (Figure  4; Table  3). For the year 2018, 
when all other variables were held at their median value, the cu-
mulative probability of an active mallard nest surviving for 35 days 
increased when a nest was located 500 m from the following habi-
tat features when compared to being immediately adjacent to the 
feature: 25.4% (SE: 3.4%) to 51.0% (4.4%) for phragmites, 30.0% 
(3.7%) to 41.2% (6.2%) for shrubs, 25.9% (4.3%) to 33.9% (3.4%) for 
human structures, and 27.4% (3.7%) to 34.8% (3.4%) for telephone 
poles. Additionally, the cumulative probability of a nest surviving 
to 35 days increased from 28.8% (3.8%) when a nest was adjacent 
to a canal to 34.0% (3.5%) when a nest was 100 m from a canal 
(Figure 4). There were four additional models within a ΔAIC of 2 
from the top model but each of these four models was identical 
to the top model with the addition of a single variable (either ATV 

TA B L E  3 Model selection results for a modified nest survival analysis on the probability of mallard (Anas platyrhynchos), gadwall (Mareca 
strepera), or cinnamon teal (Spatula cyanoptera) nest ‘survival’ (not being discovered and depredated) at the Grizzly Island Wildlife Area, 
Suisun Marsh, California, 2016–2019.

Model (base model: Year + species + nest status + nest age2 + nest 
status × nest age2) k −2LogL AICc ΔAICc wi

Evidence 
ratio

+ canal + human structures + phragmites + shrub + telephone pole 16 4919.79 4951.81 0.00 0.15 1.00

+ canal + human structures + phragmites + shrub + telephone 
pole + atv

17 4918.88 4952.90 1.09 0.09 1.73

+ canal + human structures + phragmites + shrub + telephone 
pole + log(wetland)

17 4919.39 4953.41 1.60 0.07 2.23

+ canal + human structures + phragmites + shrub + telephone 
pole + tree

17 4919.68 4953.70 1.89 0.06 2.57

+ canal + human structures + phragmites + shrub + telephone 
pole + levee

17 4919.74 4953.76 1.95 0.06 2.66

+ canal + human structures + phragmites + shrub + telephone 
pole + atv + log(wetland)

18 4918.53 4954.55 2.74 0.04 3.93

+ canal + human structures + phragmites + shrub + telephone 
pole + atv + levee

18 4918.79 4954.81 3.00 0.03 4.48

+ canal + human structures + phragmites + shrub + telephone 
pole + atv + tree

18 4918.80 4954.82 3.01 0.03 4.51

+ canal + human structures + phragmites + telephone pole 15 4925.24 4955.26 3.45 0.03 5.61

+ canal + human structures + phragmites + shrub + telephone 
pole + log(wetland) + levee

18 4919.35 4955.37 3.56 0.03 5.94

+ canal + human structures + phragmites + shrub + telephone 
pole + log(wetland) + tree

18 4919.36 4955.38 3.57 0.03 5.97

+ human structures + phragmites + shrub + telephone pole 15 4925.38 4955.39 3.58 0.03 6.00

+ canal + human structures + phragmites + shrub + telephone 
pole + tree + levee

18 4919.64 4955.66 3.85 0.02 6.86

+ canal + phragmites + shrub + telephone pole 15 4928.16 4958.18 6.37 0.01 24.15

+ canal + human structures + phragmites + shrub 15 4930.18 4960.19 8.38 <0.01 66.17

+ canal + human structures + shrub + telephone pole 15 4953.699 4983.714 31.91 <0.01 8.48 × 106

null (base) model 11 5004.65 5026.65 74.85 <0.01 1.79 × 1016

Note: This analysis examined the probability of nest survival based on nest monitoring data and any evidence of predation at monitored nests. All 
models also include the same set of base variables: Year + species + nest status + nest age2 + nest status × nest age2 (Table 2). All variables represent 
the distance to that habitat feature from a nest; the distance to the nearest wetland was loge transformed prior to analysis. Models in the table 
represent all models within a ΔAICc of 4 from the top model as well as all models with a single factor from the top model removed. Bolded models are 
the top model and those that are the same as the top model, but have a single variable removed.
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paths, levees/roads, trees, or the loge-transformed distance to sea-
sonal wetlands), most of which were determined to be uninforma-
tive parameters (Table 3).

3.3  |  How do raccoons and skunks encounter bird 
nests as they move each night?

3.3.1  |  Distance traveled per night of foraging

Over the duck nesting season, model-estimated mean nightly 
distance traveled varied with date and was influenced by preda-
tor species and sex (Figure 5). When ducks began to nest (March 
28; 5% of monitored duck nests in our study had been initiated), 
male raccoons traveled 5.20 km (SE: 0.27 km) each night, which was 
86.4% farther than the 2.79 km (0.24 km) traveled nightly by fe-
male raccoons. Male skunks traveled 3.02 km (0.32 km) each night, 
which was 18.4% farther than the 2.55 km (0.33 km) traveled each 
night by female skunks. When approximately 50% of monitored 
nests from our study had been initiated (May 5), the nightly dis-
tance traveled by male raccoons, female raccoons, male skunks and 
female skunks was 4.79 km (0.27 km), 1.43 km (0.24 km), 3.22 km 
(0.34 km) and 2.10  km (0.34 km), respectively. The maximum cal-
culated distance traveled over a given night during duck nesting 
ranged from 3.91 to 13.41 km for individual raccoons and 3.23 to 
10.28 km for individual skunks.

3.3.2  |  Nests within individual home ranges and 
encounters by collared predators

Of the 25 collared raccoons, 22 (88.0%) had at least one monitored 
bird nest (range: n = 2–294 nests) within their buffered home range 
when the predator was being tracked but only 12 raccoons (48.0%) 
encountered ≥1 nest within 25 m (n =  1–144 nests). For these 12 
individuals, 19.3 ± 13.2% (mean ± SD; range: 2.9%–49.0%) of nests 
within their home range were encountered. The remaining 13 rac-
coons did not appear to come within 25 m of any monitored nest. Of 
the 16 collared skunks, 87.5% had at least one monitored nest within 
their buffered home range (n = 2–173 nests within a home range for 
a given year) when the collar was working (Table 1), and nine skunks 
encountered ≥1 nest (n  =  1–63 nests). For these nine individuals, 
26.1 ± 8.7% (range: 15.7%–40.5%) of nests within their home range 
were encountered. For collared predators that encountered >1 nest 
over the nesting season, a higher proportion of nests encountered by 
skunks (51.9 ± 26.6%; n = 8 skunks) had evidence of predation at the 
next nest monitoring visit than did nests encountered by raccoons 
(22.3 ± 17.1%; n = 10 raccoons). Of the 18 individuals that encoun-
tered >1 nest during the central span of duck nesting (April 17–June 
14), raccoons encountered nests during 1.7%–94.8% of nights and 
skunks encountered nests during 17.8%–85.7% of nights. The mean 
number of encountered and depredated nests are shown for the 18 
skunks and raccoons separately by species based on whether each in-
dividual predator encountered more or fewer than 10 nests (Figure 6).

F I G U R E  5 Model-predicted mean (with 95% CI) nightly distance traveled by adult raccoon (Procyon lotor) and skunk (Mephitis mephitis) 
females and males during duck nesting in Suisun Marsh, California. Predictions from a generalized additive mixed effects model are only 
shown for the duration of the time that GPS locations were collected, and x-axis tick marks are at a daily scale with key duck nesting 
time periods denoted. Female skunks and raccoons, in contrast with their male counterparts, both had a marked drop in the mean nightly 
distance traveled on approximately April 16 (Julian day 106) for skunks and approximately May 12 (Julian day 132) for raccoons, followed 
by a subsequent increase in the distances traveled each night late in duck nesting. Duck nests with eggs present (available resource for a 
predator) within the core upland nesting area are shown in gray bars (shown for duck nests monitored in 2019).
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3.3.3  |  Evidence of collared predators discovering 
encountered nests when hens were present

When a collared raccoon or skunk came within 25 m of a duck nest 
with the hen present, the predator did not discover and did not 
depredate the nest (partial or complete depredation) 96.2% of the 
time. However, when an active nest was discovered by a collared 
predator, it resulted in immediate nest failure (depredation and/
or abandonment) more often when the predator was a raccoon 
than when it was a skunk. Hens remained at the nest 95.3% of 
the time when a raccoon encountered an active nest (of 464 total 
nest encounters by 12 raccoons) and 94.5% of the time when a 
skunk encountered an active nest (of 164 total nest encounters 
by 9 skunks). When hens left the nest in response to a nearby 
collared raccoon (n = 21 encounters at 20 nests by 4 collared rac-
coons), she left her eggs uncovered 85.7% of the time and the 
raccoon discovered and depredated eggs at 88.2% of those nests 
(one nest encounter was missing ambient temperature data and 
we could not predict if the hen covered the eggs when she left but 
the nest was discovered and depredated). The encounters where 
the hen covered her eggs before leaving the nest (n = 2) had no 
evidence of predation, suggesting the hen left the nest because of 
the predator but the predator never located the nest; in one case 
the hen returned and all 10 of her eggs subsequently hatched but 
in the second case the hen abandoned her nest. For 15 of the 20 
nests where hens left the nest in response to a raccoon, it was 
their final departure from the nest and resulted in complete clutch 
depredation or abandonment. At one additional nest (not included 
in earlier summary calculations), a collared raccoon flushed the 
hen and her recently hatched chicks off the nest and depredated 
at least some of the brood. When hens left the nest in response 
to a nearby collared skunk (n = 9 encounters at 9 nests by 7 col-
lared skunks), the hen left her eggs uncovered for 55.6% of nest 
encounters and the skunk discovered and depredated eggs at each 
of those nests. When the hen covered her eggs and left the nest 
(n = 4 encounters), the nest remained undiscovered by the collared 
skunk 75% of the time. For two of the nine nests, the hen never 
resumed incubation and both nests were completely depredated 
by the subsequent nest visit. In all other cases, the hen returned to 
the nest and resumed incubation.

3.4  |  Are predator-specific nest encounter 
probabilities influenced by the proximity to habitat 
features?

Within the home ranges of collared raccoons, the probability of a 
nest remaining unencountered for 35 days increased with increas-
ing distance to the nearest canal, seasonal wetland, tree, human 
structure, levee/road, telephone pole, and shrub patch (Figure 7; 
Table  4; n  =  901 nests). When all other variables were held at 
their median value, the cumulative probability of a nest remaining 
unencountered by a collared raccoon for 35 days increased from 

F I G U R E  6 (a) Percent of nights during the central span of duck 
nesting (58 nights: April 17–June 14) that GPS-collared raccoons 
(Procyon lotor) and striped skunks (Mephitis mephitis) came within 
25 m of a monitored duck nest (nest encounter), excluding collared 
animals that never encountered >1 duck nest. Bars show arithmetic 
mean ± SD with individual values indicated by circles. Raccoons and 
striped skunks were presented separately based on whether each 
individual encountered more or fewer than 10 duck nests over the 
course of the nesting season, and this division was used to identify 
the collared animals that were used to examine how the probability 
of a nest encounter relates to the proximity to specific habitat 
features. (b) The mean number of total nests encountered per night, 
shown as the mean of individual averages, and the number of nests 
encountered per night with evidence of depredation (observed 
the subsequent nest monitoring visit). These averages are only 
calculated from nights when an individual encountered ≥1 nest. For 
visualization, SD was truncated at 0.
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51.2% (SE: 7.9%) when a nest was immediately adjacent to a tree 
to 67.0% (2.0%) when a nest was located 500 m from a tree, from 
54.8% (7.1%) when a nest was immediately adjacent to a human 
structure to 70.5% (2.3%) when a nest was located 500 m from 
a human structure, from 64.9% (2.8%) when a nest was immedi-
ately adjacent to a shrub patch to 73.9% (6.3%) when a nest was 
located 500 m from a shrub patch, from 64.2% (3.5%) when a nest 
was immediately adjacent to a telephone pole to 68.4% (2.0%) 
when a nest was located 500 m from a telephone pole, and from 
43.7% (5.0%) when a nest was 100 m from a seasonal wetland to 
68.4% (2.0%) when a nest was 500 m from a seasonal wetland. The 
probability of remaining unencountered by a collared raccoon in-
creased from 52.2% (4.0%) when a nest was immediately adjacent 
to a canal to 72.3% (2.2%) when a nest was 100 m from a canal 
and from 60.0% (4.4%) when a nest was immediately adjacent to a 
levee/road to 75.8% (4.7%) when a nest was 100 m from a levee/
road. No additional variables were supported (Table 4).

Within the home ranges of collared skunks, the probability of a 
nest remaining unencountered for 35 days increased with increas-
ing distance to the nearest tree, shrub patch, and canal and de-
creased with increasing distance to human structures and wetlands 
(Figure  7; Table  5; n  =  345 nests). When all other variables were 
held at their median value, the probability of a duck nest remaining 
unencountered by a collared skunk increased from 1.2% (SE: 1.6%) 
when a nest was adjacent to a tree to 72.8% (2.9%) when a nest was 
500 m from a tree and increased from 24.7% (6.4%) when a nest was 
adjacent to a shrub to 99.5% (0.4%) when a nest was 500 m from 
a shrub. Furthermore, the probability of remaining unencountered 
increased from 44.5% (7.1%) when a nest was adjacent to a canal to 
68.6% (3.0%) when a nest was 100 m from a canal. Additionally, for 
these skunks utilizing the core upland nesting area, nests that were 
located closer to seasonal wetlands and human structures, which 
were on the outer edges of the core upland duck nesting area, were 
less likely to be encountered by collared skunks than nests located 

F I G U R E  7 Predicted cumulative probabilities (with 95% CI obtained after using the delta method to estimate standard error) of a duck 
nest within the known home range of a collared predator remaining unencountered (GPS-collared predator not observed ≤25 m from the 
nest) by a predator over a 35-day period as a function of distance to different habitat features. Models were run separately for nests within 
the home ranges of GPS-collared raccoons (Procyon lotor; n = 7 raccoons; n = 901 nests) and those within the home ranges of GPS-collared 
skunks (Mephitis mephitis; n = 5 skunks; n = 345 nests). Model-averaged predictions were generated for each habitat feature by holding the 
distance to additional habitat features at their median value and the cumulative probability was calculated as the product of daily survival 
estimates. The x-axis represents the range of observed data for each habitat feature within this dataset and each predator species is only 
plotted to the extent of the data used in each model. Distance to telephone pole was also included in the top model for raccoons but is 
not shown here. Distance to levees/roads was not included in the top model for skunks but is shown here for comparison to raccoons. The 
distance to seasonal wetland was loge transformed prior to statistical analysis.
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further from these habitat features (Figure 7). The probability of a 
nest remaining unencountered for 35 days increased from 65.2% 
(3.0%) when a skunk was 500 m from a wetland to 87.9% (6.0%) 
when a skunk was 100 m from a wetland. There was no support for 
any other variables (Table 5).

4  |  DISCUSSION

At the landscape scale, without differentiating species-specific 
predator behaviors, we found that the farther duck nests were lo-
cated from phragmites patches, large shrubs, telephone poles, other 
human structures, and canals, the less vulnerable they were to pre-
dation. The pronounced effect of distance to phragmites and shrub 
patches on nest survival may have been due to these habitats pro-
viding denning and diurnal resting sites for mammalian predators. 
The lack of a relationship between nest survival and the distance 
to other habitat features, including levees/roads, wetland bounda-
ries, and trees, and the weak effect of distance to canals, was likely 
attributed to differences in species-specific predator behaviors and 
distributions (Lahti, 2001; Raquel et al., 2015). For example, diurnal 

avian predators, such as common raven (Corvus corax), can compli-
cate interpretation of nest predation at the landscape scale, as they 
perch on telephone poles and generally use habitats differently than 
mammalian predators (DeGregorio et al.,  2014), even though they 
depredate eggs at a lower rate than mammalian predators (Croston, 
Ackerman, et al., 2018). For mammalian predators, different habitat 
features were important in explaining the probability of a nest being 
encountered by collared mammalian predators than the habitat fea-
tures that were important in the probability of a nest surviving at the 
landscape scale. Within known home ranges of collared raccoons, 
the farther duck nests were located from canals, seasonal wetlands, 
trees, levees/roads, human structures, shrub patches, and telephone 
poles, the less likely they were to be encountered (predator ≤25 m of 
a nest). Within known home ranges of collared skunks, the farther 
duck nests were located from canals, trees, and shrub patches, the 
less likely they were to be encountered. However, nests that were 
located farther from seasonal wetlands and human structures were 
more likely to be encountered by a skunk, likely due to the high use 
of the interior of the upland nesting fields by skunks.

Our data suggest that there was not a strong response by preda-
tors to aggregate in the core upland nesting area during the seasonal 

TA B L E  4 Model selection results for a modified nest survival analysis on the probability of a mallard (Anas platyrhynchos), gadwall (Mareca 
strepera), or cinnamon teal (Spatula cyanoptera) nest remaining unencountered at a distance of 25 m by a GPS collared raccoon (Procyon lotor) 
at the Grizzly Island Wildlife Area, Suisun Marsh, California, 2016–2019.

Model (base model: Nest age2) k −2LogL AICc ΔAICc wi

Evidence 
ratio

+ levee + canal + human structure + log(wetland) + tree + 
shrub + telephone pole

10 2923.08 2943.09 0.00 0.20 1.00

+ levee + canal + human structure + log(wetland) + tree + 
phragmites + telephone pole

10 2923.73 2943.74 0.65 0.14 1.38

+ levee + canal + human structure + log(wetland) + tree + 
shrub + phragmites + telephone pole

11 2921.90 2943.91 0.82 0.13 1.51

+ levee + canal + human structure + log(wetland) + tree + shrub 9 2926.30 2944.31 1.22 0.11 1.84

+ levee + canal + human structure + log(wetland) + tree + 
shrub + phragmites

10 2925.51 2945.52 2.43 0.06 3.36

+ levee + canal + human structure + log(wetland) + 
tree + phragmites

9 2927.82 2945.83 2.73 0.05 3.92

+ levee + canal + human structure + log(wetland) + 
tree + telephone pole

9 2928.61 2946.62 3.53 0.03 5.84

+ canal + human structure + log(wetland) + tree + 
shrub + telephone pole

9 2929.03 2947.03 3.94 0.03 7.18

+ levee + canal + human structure + log(wetland) + 
shrub + telephone pole

9 2929.33 2947.34 4.24 0.02 8.35

+ levee + canal + log(wetland) + tree + shrub + telephone pole 9 2930.65 2948.65 5.56 0.01 16.12

+ levee + human structure + log(wetland) + tree + 
shrub + telephone pole

9 2949.82 2967.82 24.73 <0.01 2.35 × 105

+ levee + canal + human structure + tree + shrub + telephone 
pole

9 2950.27 2968.28 25.19 <0.01 2.95 × 105

null (base) model 3 3063.84 3069.84 126.75 <0.01 3.34 × 1027

Note: All models include the same set of base variables: Nest age + nest age2 (quadratic). All variables represent the distance to that habitat feature 
from a nest; the distance to the nearest wetland was loge transformed prior to analysis. Models in the table represent all models within a ΔAICc of 4 
from the top model as well as all models with a single factor from the top model removed. Bolded models are the top model and those that are the 
same as the top model, but have a single variable removed.
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pulse of available duck eggs that occurs in the nesting season, similar 
to Urban (1970). This result is consistent with the lack of landscape 
scale density-dependent predation on duck nests at this study site 
(Ackerman et al.,  2004; Ringelman et al.,  2014). During the duck 
nesting season when eggs were available as an ephemeral prey re-
source, individual GPS-collared raccoons and striped skunks varied 
widely in their use of the core upland nesting area. Numerous tagged 
raccoons and striped skunks in the study maintained home ranges 
adjacent to the core upland nesting habitat and did not aggregate 
within the upland nesting area to take advantage of the season-
ally available prey resource, potentially because of either a general 
lack of interest, they were unaware of the availability of eggs as a 
resource, or, in the case of raccoons, they were repelled by terri-
toriality (Chamberlain & Leopold,  2002; Pitt et al.,  2008; Wehtje 
& Gompper, 2011). Instead, we found that only a small number of 
collared individuals (29% of marked raccoons and 39% of marked 
skunks) were responsible for 96% of the total nest encounters, simi-
lar to observations by Fritzell (1978). Raccoons that encountered the 
most duck nests had home ranges that included core upland nesting 
areas prior to the onset of duck nesting and maintained those home 
ranges throughout duck nesting. In each year, the outer boundary 
of a single raccoon home range contained 41% (2016: 250 nests), 
63% (2017: 294 nests), 48% (2018: 145 nests), and 36% (2019: 229 
nests) of all monitored nests. The level of territoriality demonstrated 
by raccoons varies among studies and may be driven by population 

structure and resource availability (Chamberlain & Leopold, 2002; 
Fritzell,  1978; Pitt et al.,  2008; Prange et al.,  2011; Wehtje & 
Gompper,  2011). If conspecific home ranges have relatively low 
overlap in this system, particularly for male raccoons, then predation 
of duck nests could be the result of individual specialization and op-
portunity within these predator populations. Thus, dominant male 
raccoons with stable boundaries could reduce the movements of 
other male raccoons and decrease access to duck eggs as a resource, 
similar to the protective territoriality observed in coyotes (Canis la-
trans; Sacks et al., 1999).

Within the core upland nesting area, raccoons and striped 
skunks demonstrated marked differences in how far they were lo-
cated from certain habitat features, underscoring the importance of 
evaluating nest predation risk in the context of species-specific and 
sex-specific predator movements. Within the core upland nesting 
area, both male and female raccoons were located much closer to 
aquatic habitats, trees, phragmites patches, and levees and roads 
than female and male skunks and more than 57% closer to these 
habitat features than expected by chance. On average, skunks were 
located more than five times farther than raccoons from levees and 
roads, which appeared to be a commonly used travel corridor within 
the core upland nesting area for many collared raccoons (Figure 1). 
Raccoons did not appear to commonly use ATV paths within the up-
land fields as travel corridors, because raccoons were located more 
than 74% farther from ATV paths than expected by chance and 

TA B L E  5 Model selection results for a modified nest survival analysis on the probability of a mallard (Anas platyrhynchos), gadwall (Mareca 
strepera), or cinnamon teal (Spatula cyanoptera) nest remaining unencountered at a distance of 25 m by a GPS collared skunk (Mephitis 
mephitis) at the Grizzly Island Wildlife Area, Suisun Marsh, California, 2016–2019.

Model (base model: Nest age2) k −2LogL AICc ΔAICc wi Evidence ratio

+ canal + human structure + log(wetland) + tree + shrub 8 1208.55 1224.57 0.00 0.25 1.00

+ canal + human structure + log(wetland) + tree + 
shrub + telephone pole

9 1207.24 1225.25 0.69 0.18 1.41

+ canal + human structure + log(wetland) + tree + 
shrub + phragmites

9 1207.42 1225.44 0.87 0.16 1.55

+ canal + human structure + log(wetland) + tree + 
shrub + telephone pole + phragmites

10 1206.22 1226.24 1.67 0.11 2.31

+ canal + human structure + log(wetland) + tree + 
shrub + levee

9 1208.55 1226.57 2.00 0.09 2.71

+ canal + human structure + log(wetland) + tree + 
shrub + telephone pole + levee

10 1207.23 1227.25 2.68 0.07 3.82

+ canal + human structure + log(wetland) + tree + shrub + 
phragmites + levee

10 1207.41 1227.43 2.86 0.06 4.18

+ canal + log(wetland) + tree + shrub 7 1219.27 1233.28 8.71 <0.01 77.98

+ canal + human structure + tree + shrub 7 1219.49 1233.50 8.93 <0.01 87.06

+ human structure + log(wetland) + tree + shrub 7 1223.26 1237.27 12.71 <0.01 574.03

+ canal + human structure + log(wetland) + shrub 7 1266.88 1280.89 56.32 <0.01 1.70 × 1012

+ canal + human structure + log(wetland) + tree 7 1278.07 1292.08 67.51 <0.01 4.57 × 1014

null (base) model 3 1324.31 1330.31 105.74 <0.01 9.14 × 1022

Note: All models include the same set of base variables: Nest age + nest age2 (quadratic). All variables represent the distance to that habitat feature 
from a nest; the distance to the nearest wetland was loge transformed prior to analysis. Models in the table represent all models within a ΔAICc of 4 
from the top model as well as all models with a single factor from the top model removed. Bolded models are the top model and those that are the 
same as the top model, but have a single variable removed.
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were located more than 84% closer to levees/roads than expected 
by chance. Skunks, especially females, were more often located 
away from edge habitats such as levees/roads, canals, and wetland 
boundaries, and within the upland nesting fields (Ackerman, 2002). 
Although other studies observed high use of wetland habitat edges 
(Crabtree et al., 1989; Larivière & Messier, 2000), individual female 
skunks at this site were located farther from wetlands and human 
structures and within the core upland nesting area 77% of the time, 
whereas male skunks were only located within the core upland nest-
ing area 38% of the time (Table 1). It is possible that female skunks 
were attracted to sites within the core upland nesting area because 
of available resting sites during the day and denning sites for preg-
nant females in phragmites patches. Rather than skunks being near 
to wetlands and human structures, which was a common observa-
tion in other studies, the large block of nesting fields may have pro-
vided habitat and foraging opportunities away from those features. 
In comparison, duck nests were located farther from habitat edges 
and potential travel corridors (e.g., levees/roads) and aquatic edge 
habitats (e.g., canals and seasonal wetlands) than would be expected 
by chance, which corresponded to a decreased likelihood that they 
would be encountered by raccoons and an increased likelihood that 
they may be encountered by skunks. In contrast, duck nests and 
northern harrier nests were not located farther from ATV paths than 
expected by chance (duck nests were 0.7 m farther from ATV paths 
but this was not a biologically meaningful distance). Based on our 
observations of individual movements and nest encounters (Table 1), 
female skunks may be a more significant nest predator than male 
skunks because of their smaller scale of movements within upland 
habitats and overlapping home ranges that provide for higher pred-
ator densities (Larivière & Messier, 2016).

Although both predator species are considered omnivorous 
with diverse diets, differences in association with wetland habi-
tats near duck nests aligns with observations of raccoons avoiding 
upland grassland and crop fields and preferentially foraging along 
edge habitats such as forest, riparian, and wetland edges (Barding 
& Nelson, 2008; Cooper et al., 2015; Fritzell, 1978). Raccoons often 
show a preference for foraging on aquatic prey, especially crustaceans, 
when available (Rulison et al., 2012; Schoonover & Marshall, 1951; 
Urban, 1970). The observed proximity to habitat features like canals 
and travel corridors such as levees and roads suggests that raccoons 
did not typically move within the centers of upland nesting fields 
to search for duck nests, and that most raccoons likely preyed on 
duck nests opportunistically (Barding & Nelson,  2008). Raccoons 
moved relatively quickly through upland nesting habitats in other 
studies as well (Barding & Nelson, 2008; Greenwood, 1982; Rulison 
et al., 2012; Schoonover & Marshall, 1951). In contrast, skunks pre-
dominantly prey on insects and rodents (Crabtree & Wolfe, 1988; 
Dixon, 1925; Greenwood et al., 1999; Wade-Smith & Verts, 1982). 
In areas outside of the core upland nesting area, with limited up-
land nesting habitat and a greater prevalence of seasonal wetlands, 
skunks and raccoons may use that landscape differently, but those 
movements and habitat associations would have less relevance for 
the vulnerability of upland-nesting dabbling ducks to predation.

Both predator searching behavior and duck hen response to 
predators likely played a role in whether predators moving near a 
nest would discover nests and depredate eggs. Although individual 
raccoons encountered duck nests more often than skunks (combin-
ing both active and inactive nests), of those predators that encoun-
tered >1 nest, a higher percent of the nests encountered by skunks 
were depredated (52%) than those encountered by raccoons (22%). 
Of the active nests in our study, collared predators did not locate 
nests 96% of the time when they were within ≤25 m. We previously 
documented that hens often stay at their nest when approached by 
a predator, typically flushing only 29 s before a predator arrives at 
the nest (Croston, Ackerman, et al., 2018). Thus, encounters where 
the hen flushed off the nest and did not cover her eggs before she 
left the nest (4% of nest encounters; 77% of all departures) resulted 
in immediate nest failure (complete clutch depredation or abandon-
ment) at 75% of nests when it was caused by a raccoon but only 40% 
of nests when it was caused by a skunk. Previously we found very 
high rates of partial clutch depredation (53% of depredated mallard 
nests; Ackerman et al., 2003) and that skunks tend to partially dep-
redate duck nests whereas raccoons tend to completely destroy 
duck nests when they find them (Croston, Ackerman, et al., 2018). 
Remaining at the nest appears to be the preferred strategy for the 
hen to keep the nest hidden and is thought to provide protection 
for eggs (Forbes et al., 1994; Opermanis, 2004). We observed a few 
cases where the hen covered her eggs and left the nest early (1% of 
nest encounters; 20% of departures); those nests were discovered 
and depredated by a collared predator 17% of the time. Thus, cov-
ering the eggs and leaving the nest early when a predator is in the 
vicinity may be a less common but alternative strategy for avoiding 
predators at the nest. After the clutch has been completed, incu-
bation recesses at night are relatively rare for dabbling ducks (14% 
of incubation recesses; Croston et al., 2021) and were presumed to 
occur primarily in response to a predator. However, 70% of noctur-
nal hen departures in a prior study in the same upland nesting area 
were cases where the hen covered her eggs and left the nest and it 
was unknown if a predator was in the vicinity of the nest at the time 
(Croston et al., 2021, 2020). Our new observations of hens covering 
the nest in response to a collared predator suggest that hens may 
proactively leave the nest at night 1% of the time when predators 
are within 25 m of the nest.

Although collared mammalian predators did not appear to 
gather in the core upland duck nesting habitat to exploit the sea-
sonal pulse of eggs as a focal prey resource, individual predators 
showed high variability in their use of the core upland nesting area 
and individual specialization for egg predation may occur within 
these predator populations. Within the core upland nesting area, 
the distance to phragmites patches had the largest magnitude of 
effect on nest survival at the landscape level. Collared raccoons and 
skunks were observed using phragmites patches for denning and 
day resting sites; consequently, phragmites may be a habitat fea-
ture that attracts predators to the core upland area because of the 
physical structure it provides and removal of phragmites from the 
core upland nesting area may improve nest survival rates. Within 
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the home ranges of collared predators, nests that were farther from 
canals, trees, and large shrubs were less likely to be encountered by 
raccoons and skunks, suggesting that management of those habi-
tat features may also alter predator movements and nest encounter 
rates, and decrease the likelihood of nest discovery. Habitat man-
agement of the specific features within the upland nesting areas 
that are primarily used by mammalian predators could potentially 
reduce nest predation.
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